In this work, Raman spectroscopy and density functional theory (DFT) calculations have been used in order to understand the nature of the interaction between the carotenoid bixin and organic solvents with dielectric constant varying from ca. 2 (toluene) to ca. 47 (dimethyl sulfoxide). Raman shifts registered for the main carotenoid marker band, the C=C stretching mode (1525-1533 cm −1 ), were used as a probe to monitor spectral changes due to chemical interaction between bixin in the solid state with the analogous solvated species. Raman spectra of bixin in solution showed significant bathochromic shifts in the wavenumber position of ν(C=C) when compared with the solid state. Among the solutions, subtle differences were observed and the polarizability rather than dielectric constant of the solvents seems to be a more appropriate parameter to explain the differences in Raman shifts which could be correlated with the solvation degree of bixin. Correlation between DFT analysis and molecular dynamics simulations obtained for cis-bixin in DMSO and CHCl 3 demonstrated that the interaction of the solute with the respective solvents occurs in specific portions of the molecule, however, this result was not confirmed by the experimental data since bixin is solvated by larger numbers of solvent molecules.
Introduction
Carotenoids comprise carotenes (hydrocarbons), xanthophylls (with oxygen-containing functional groups) and apocarotenoids which are oxidative cleavage products of the C 40 backbone skeleton. Carotenoids play an important role in distinctive biological processes, such as light-harvesting antenna and photo-protecting agents, both involved in photosynthesis. [1] [2] [3] In such complex media, it is expected that carotenoids would interact through exposure to different chemicals; these molecular environmental interactions usually lead to changes in the spatial conformation of the polyenic chains, which consequently affect their electronic properties. 4, 5 It is well known that solvents can exert a significant influence on the spectroscopic properties of carotenoids, especially those which affect their electronic delocalization, light absorption or scattering. 3, 6, 7 The identification of carotenoids by the observation of specific vibrational modes of the polyenic chain utilized as molecular key markers has been extensively reported in the literature [8] [9] [10] since the 1970's. Their structures, involving the extended pi conjugation between the C=C and C−C bonds which results in the coupling of many molecular modes, give rise to elegant and simple vibrational spectra; three Raman bands are normally highlighted, namely, the stretching of the C=C (ν 1 ), C−C (ν 2 ) bonds and the C−CH 3 in-plane group rocking vibrations ρ(C−CH 3 ), occurring respectively at ca. 1520, 1160 and 1000 cm −1 . 7, [11] [12] [13] An important correlation has been observed between the ν 1 wavenumber and the respective number of C=C conjugated bonds in the polyene structure; 14, 15 numerous papers in the literature have used this empirical approach to characterize the presence of different carotenoids in diverse biological systems, such as plants, 16 microorganisms, 17 the shells of molluscs, 18 pearls 19 and octocorals. [20] [21] [22] [23] Recently, de Oliveira et al. 13 used Raman spectroscopy in order to demonstrate that this approach must be exercised with caution, since these molecules are sensitive to their chemical environment, leading to misinterpretation and a misunderstanding of the occurrence of a particular carotenoid in an organic or mineral matrix. The environmental effect has also been discussed in an earlier study of several inclusion compounds of selected carotenoids and beta-cyclodextrin in which the influence of the surrounding molecules upon the ν 1 mode of the carotenoid produced wavenumber shifts greater than 10 cm −1 in the carotenoid inclusion compound compared with that found in the free carotenoid species. 24 The interaction of solvents with linear carotenes (e.g., lycopene) and carotenes containing terminal ionone rings (e.g., β-carotene, lutein) has been reported in the literature. 5, 25, 26 The combination of a Raman spectroscopic and an absorption study of carotenoids has been used to discriminate between the polarizability effects and observed changes in the effective conjugation length of both types of carotenoids. 25 However, corresponding studies performed with apocarotenoids has not been undertaken hitherto and in this work we have investigated the electronic and vibrational properties of cis-bixin (Figure 1 ), the 6-methyl hydrogen (9Z)-6,6'-diapocarotene-6,6'-dioate, which is the major constituent present in urucum or annatto seeds (Bixa orellana), with the chemical formula C 25 H 30 O 4 accounting for ca. 80% of the carotenoid-derived pigments. 27 The unique C-25 carbon skeleton here lacks terminating rings (e.g., β-ionone) and has been biosynthesized from the oxidative cleavage of a C-40 carotenoid skeleton. 27 cis-Bixin is more polar than other carotenoids, exhibiting a carboxylic acid group at one end and a methyl ester group at the opposite end of the molecule, which confers some liposolubility to the pigment. 28, 29 It is therefore soluble in most polar organic solvents, conferring an orange coloration to the solution, but is largely insoluble in vegetable oil 29 and aprotic apolar solvents. 30 Seeds and powder form are commercially available as annatto and their main orange-red colored component is referred to as bixin (cis-bixin or Z-bixin). This compound has been extensively used as a food colorant 27, 28 with a wide range of pharmacological activities 31, 32 and due to its physicochemical properties it is used as a sensitizer for dye sensitized solar cells. 33, 34 It is known from literature that Raman spectroscopy is the molecular spectroscopic technique of choice for investigating carotenoids; Raman and electronic absorption experiments have been commonly used to explain the behavior of carotenoid molecules in different environments such as solvents, 26, 35 proteins, 36 tissues 36 and mimetic systems. 24, 37 However, Raman spectral investigations of the apocarotenoid bixin has not been studied so far and the main purpose of this work is to evaluate the structural and spectroscopic changes incurred upon the interaction of bixin with different solvents. This study will also demonstrate the degree of susceptibility to which such an apocarotenoid is influenced by its chemical environment.
Previous work 38 has shown that the resonance Raman spectrum of pure cis-bixin has major Raman bands at 1525, 1155 and 1010 cm −1 . However, the behavior observed for this compound in solution is very intriguing, since for different solvents the Raman bands appear shifted, mainly the ν 1 mode, which seems to be more susceptible to the molecular interaction with its chemical environment. To support the experimental measurements, theoretical DFT (density functional theory) calculations and molecular dynamics simulations were carried out in order to explain the molecular behavior of the apocarotenoid and its interaction with solvents having different dielectric constants and polarizabilities. Such results will reveal a more accurate perception of the interaction between carotenoids/polyenes and polar or non-polar solvents, which can contribute towards a better understanding of apocarotenoids in specific environments.
Figure 1.
Chemical structure of cis-bixin (1), the 6-methyl hydrogen (9Z)-6,6'-diapocarotene-6,6'-dioate, the major constituent present in urucum or annatto seeds (Bixa orellana).
Experimental
Bixin was extracted from seeds of Bixa orellana according to the following procedure: 25.0 g of seeds were washed twice with 50 mL of hexane for 15 min with stirring; after filtration, the seeds were washed with methanol in a similar procedure. The methanolic extract was evaporated under reduced pressure, yielding an orangered solid, comprising more than 90% of cis-bixin, according to de Oliveira et al. 38 UV-Visible spectra were obtained using a Shimadzu UVPC-1601 spectrophotometer in seven different solvents: chloroform (CHCl 3 ), dichloromethane (CH 2 Cl 2 ), toluene (PhMe), nitromethane (CH 3 NO 2 ), dimethyl sulfoxide [DMSO, (CH 3 ) 2 SO], acetonitrile (C 2 H 3 N) and pyridine (C 6 H 5 N) (all spectroscopic grade, purchased from Sigma-Aldrich, St. Louis, USA), from 200 to 1100 nm with a 2 nm spectral resolution, using 10 mm quartz cuvettes, using 2 nm as scan rate.
The solid cis-bixin obtained from the methanolic extract, as well the solutions from each the solvents mentioned above, were analyzed by Raman spectroscopy using a Bruker RFS 100 FT-Raman instrument equipped with a germanium detector refrigerated by liquid nitrogen. Laser excitation at 1064 nm was provided from an Nd:YAG (neodymium-doped yttrium aluminum garnet) laser with a power at the sample of 200 mW, in the range between 3500-100 cm −1 , with a spectral resolution of 2 cm −1 and an average of 512 scans accumulated. These parameters were selected in order to achieve better signal-to-noise ratios for which the physical and chemical integrity of the samples could be preserved; the spectral analyses were performed in duplicate.
Theoretical calculations
In order to provide feasible information related to the structures of bixin in different solvents, theoretical calculations have been performed. Optimizations and harmonic frequency calculations were carried out under the formalism of DFT. Grimme's 39, 40 B97 pure functional method including dispersion has been chosen for these calculations using Pople and co-workers' 41 basis set 6-311G(d,p). The vibrational frequencies were calculated in order to simulate the observed Raman spectra for each compound. All thermal contributions were set at 1 atm and 298.15 K. The continuum method IEF-PCM (integral equation formalism-polarizable continuum model) has been used for the optimizations. 42, 43 All the quantum mechanical calculations reported here were carried out with the Gaussian 09 program 44 and the NEQC (Núcleo de Estudos em Química Computacional, Universidade Federal de Juiz de Fora, Juiz de Fora, Brazil) servers.
The explicit investigation of the interactions between the solvent and the cis-bixin molecule was conducted using molecular dynamics (MD) simulations on Amber12. 45 Solvent molecules have initially been optimized on Gaussian 09 44 as unitary molecules (in vacuum) using a B3LYP/6-31G(d) level of theory. The simulations were carried out with Amber12 software [45] [46] [47] using a generalized AMBER force field field (GAFF) to parametrize cisbixin and the AM1-BCC (Austin model 1-bond charge correction) charges were obtained with the antechamber package of Amber. Also, a correction for atomic types has been applied (as explained by referral to atom type GAFF in Sprenger et al.) . 46 The standard test solvent has been made by using water TIP3PBOX. Chloroform solvent is already available in Amber, but dimethyl sulfoxide (DMSO) parameters were obtained from Fox and Collman. 48 After parametrizing cis-bixin, it was solvated with about 3500 solvent molecules, the system, cis-bixin and its chosen solvent (either DMSO or CHCl 3 ), was then minimized without any restraint and heated in one step from 9 to 300 K under the NVT ensemble, as shown in Figures S8 and S9 (Supplementary Information (SI) section, for DMSO only). After heating, the equilibration and following production were carried out under the NPT ensemble (1 bar and 300 K). In all steps of the simulations, the SHAKE algorithm was employed, removing all hydrogen bond stretching. The production was carried out for a 1 ns simulation after system equilibration, which provides a sufficient insight into the first solvation shell, which was obtained from cpptraj analysis, as described in the Results and Discussion section.
Results and Discussion
Since the goal of this work is an attempt to provide an understanding of the bixin behavior in selected solvents, it is important to display their electronic spectra. Figure 2 shows the electronic spectra of bixin in several different solvents such as: chloroform, dichloromethane, toluene, nitromethane, dimethyl sulfoxide, acetonitrile and pyridine, all of them containing the same concentration of carotenoid (approximately 10 −5 mol L −1 ). Three peaks can be clearly seen in the electronic spectrum, representing the vibrational fine structure of the S 0 → S 2 transition (the 1 1 A g → 1 1 B u transition); these peaks arise from electronic transitions from the lowest vibrational level of the electronic ground state to the lowest vibrational levels of the electronic excited state.
It is important to note that the shape of the electronic transitions of bixin changes when the solvent is changed.
For example, for solvents with high values of the dielectric constant such as DMSO (value of 46.8), the electronic transitions can be seen at 502 nm, one of the highest wavelength values observed here. However, the dielectric constant does not seem to be the fundamental property which determines the peak position since the solution in toluene, with a significantly lower dielectric constant (value of 2.38), has shown an electronic band observed at 501 nm. Furthermore, the electronic spectrum obtained with other solvents investigated does not show any correlation with the polarity of the solvent. Britton et al. 49 showed that the UV spectral shift of carotenoids in solution depends on the polarizability rather than the polarity of the solvent; as the refractive index of the solvent increases a spectral shift to longer wavelength is observed. Recently, Rahmalia et al. 30 showed that the S 0 → S 2 transition energy of bixin in solution was dependent mainly on the refractive index of the solvents and the bixin-solvent dispersion interaction. The electronic behavior of bixin in solvents with different polarities experiences a different chemical environment, however, it has been shown that a slight perturbation of the polyenic electronic distribution occurs when the solute is in contact with the solvent molecules. From our experimental data, it can be seen that the solution of bixin in acetonitrile has an electronic transition at 486 nm, the lowest value for this band observed in this work; yet this solvent presents a dielectric constant value of 37.5, the second-highest value of all the solvents investigated here. These data can be ascribed to a very unusual behavior where the interactions between the bixin and the solvent host occur in different portions of both the carotenoid and the solvent molecules. In cases where the solvent possesses at least one relatively polar portion of the molecular structure, such a moiety will be the one that would interact preferentially with the similar polar region of the molecular structure of the conjugated polyene, thereby attempting to minimize the competition between the intermolecular interaction forces, even if these are relatively very weak. Certainly, this type of interaction affects the solubility of the carotenoid in the respective solvents; in some cases, it is almost impossible to dissolve the solid in the required solvent and only a very small portion of the polyene interacts effectively.
Such behavior can be also seen in the Raman spectra depicted in Figure 3 , where the comparison between the bixin spectra in the solid state with the analogous acetonitrile solution has been provided. The main Raman bands observed in the apocarotenoid spectrum do not differ much from carotenoids containing the β-ionone ring, such as carotene. 50 Solid bixin exhibits a strong band at 1520 ν 1 (C=C), 1155 ν 2 (C−C) and 1012 cm −1 ρ(C−CH 3 ). However, the bixin in our chosen seven selected solvents all show a red shift of the ν 1 (C=C) band. Macernis et al. 26 observed that the strength of valence bonds in several carotenoids changes in the presence of solvents, thus modulating the π-electronic system in the π-conjugated chain. Results obtained here from bixin in acetonitrile have shown a band shift from 1520 cm −1 observed in the solid sample to 1533 cm −1 in solution ( Figure 3 ). Theoretical Raman spectra of cis-bixin in acetonitrile and in the gas phase using the IEF-PCM method are shown in Figure 4 ; they are quite similar, with major differences occurring in Raman bands occurring in the wavenumber range of 1750-1650 cm −1 which have been attributed to the ν(C=O) mode; other important parameters can be seen in Table S1 , provided as Supplementary Information data. This observation is highly relevant considering that such a mode would be related to the chemical interaction of solvents with polar groups at both ends of the cis-bixin structure. The presence of bands at 1723 and 1705 cm −1 in the calculated spectrum in a solution of acetonitrile could be correlated to the experimental data in the same solvent and in the solid sample, showing a weak broad band at 1711 and 1718 cm −1 , respectively (Figures 3 and 4) . The difference of band position for the C=O stretching mode between the solid and the solute is about 7 cm −1 , while for the C=C stretching mode is 13 cm −1 . The conjugated system in the linear backbone of the bixin seems to be a better site of interaction with acetonitrile than the polar C-terminal groups. The presence of hydroxyl group in the acid moiety may favor the H-aggregation of bixin in acetonitrile due to a blue shift in the optical absorption maximum as reported by Tay-Agbozo et al. 51 In analogy to other carotenoids, such as lycopene, 52 astaxanthin 53 and zeaxanthin 54 the differences of ν(C=C), ν(C−C) Raman shifts may reflect aggregate conformations. Figures S1 to S7 given in the Supplementary Information section display the experimental Raman spectra of all the seven solutions studied here, as well as the spectra of the pure solvents and of the solid bixin for comparison purposes. It is well known from the literature 24 that the C=C stretching vibration (ν 1 ) is very sensitive to the chemical environment and that this is responsible for the deviation of its observed wavenumber position, whereas the other bands are not affected by the molecular surroundings. In this sense, the analysis of the bands listed in Table 1 shows clearly this behavior: the bands at 1155 and 1012 cm −1 , describing the ν 2 (C−C) and ρ(C−CH 3 ) modes, are not easily disturbed by the solvent interactions.
In a recent revision, discussing the electronic and vibrational properties of carotenoids from in vitro to in vivo, Llansola-Portoles et al. 56 presented a very interesting relationship among the value of the S 0 → S 2 electronic transition and the value of the C=C stretching bond (the ν 1 mode) with the polarizability of several different solvents. 56 There is a linear correlation between such parameters, and this could describe how the electronic and vibrational properties are related to the molecular configuration of carotenoids. Figure 5 shows a similar relationship for bixin with all the solvents we have used here, and the trends are clearly denoting the correlation between polarizability with electronic and vibrational data. Figure 5a shows the plotting of the wavenumber of the electronic transition in each one of the used solvents against the calculated polarizability solvent defined as R(η) = (η 2 -2)/(η 2 + 1), η being the refractive index of the solvent; 56 Figure 5b shows the plotting of the wavenumber of the ν 1 vibrational mode versus the solvent polarizability R(η). In both graphics, it can be seen a correlation between these properties, but it is more evident when we take into account the electronic transition, rather than the vibrational description. This can be explained as the pi electrons, which are responsible for the electronic transitions, are more disturbed by the surrounding media, the solvent, than the vibrational movement, which does not depend only on the pi electrons. In other words, the electronic transition depends on the electronic excited state, whereas the Raman band depends more exclusively on the electronic ground state, in terms of wavenumber position. On the other hand, Figures 5c and 5d show the dependence between the electronic and vibrational wavenumbers for bixin within the solvent polarizabilities (α), one of the possible solvent characteristics that can be used to see the changes in the structure for carotenoids. The results are almost the same, when comparing Figures 5a and 5b with 5c and 5d; this points out to the fact that for bixin, a C9 structure, the interaction with the solvent medium is based on the solvent polarizability. Finally, looking at graphics it can be seen that the aromatic solvents, toluene and pyridine, do not fit very well within the solvent properties and the spectroscopic data (vibrational and electronic); such results are also in agreement with the ones reported by Andersson et al. 57 For example, the linear fit for Figure 5a , without one aromatic solvent ( Figure S8 , SI section), shows a linear adjustment coefficient of 0.91, which can be considered a very good result. The set of results shown here describes the influence of polarizability in the behavior of bixin dissolved in different media. A detailed analysis of the Raman spectra of cis-bixin has been carried out in an earlier investigation, where resonance Raman spectra were used to characterize the electronic transition of the conjugated system. 38 Based on the use of the transform method equation, de Oliveira et al. 38 showed a variation in pattern of the bond length in the main trans-carbon backbone of cis-bixin in chloroform, which is the solvent that best solubilizes the solid. It was observed that the bond length changes were more pronounced in the middle of the carbon chain and these results indicated that just a small portion of the polyenic backbone presents an effective delocalized electronic charge; such data oppose the widespread idea that the electronic charge is equally delocalized over the whole structure of all the conjugated chain. It may be hypothesized that the small variation observed in Raman shifts of bixin in different solvents could be correlated with the short extent of the conjugated double bonds and their effective delocalized pi-electrons (central portion only). The Raman spectrum obtained here for solid bixin, using infrared excitation, i.e., very far from any resonance with the excited electronic state, shows that only the ν 1 (C=C) mode is disturbed by the interaction with the solvent molecules (Figure 3, Figures S1-S7, SI  section) . For the other two vibrational bands ν 2 (C−C) at 1155 and ρ(C−CH 3 ) 1012 cm −1 , no significant disturbance has been observed due to the solvent interactions with the carotenoid, which implies that only the pi-electrons are directly involved in the solvent association.
Previous works 13, 24 from our group demonstrated that the chemical environment is responsible for some observable changes in the carotenoid Raman spectra, mainly based on the shift of the vibrational bands in the spectra. Here, the data that have been shown appear to show the same conclusion but based on different assumptions. Bixin in different solvents presented significant Raman shifts of approximately 9 cm −1 for the ν 1 mode when compared to the solid sample. Nevertheless, subtle differences were observed between polar solvents such as acetonitrile, nitromethane and dimethyl sulfoxide (Figures S1, S2 and S4, SI section) and a non-polar solvent such as toluene ( Figure S7, SI section) . In dimethyl sulfoxide, which presents the highest dielectric constant value used in our studies (Table 1) , the shift observed in the Raman spectrum is the same as that observed for the solvent with the lowest dielectric constant, namely toluene, as well the values of S 0 → S 2 transitions for bixin in each solvent. The other vibrational modes, as mentioned before, have not been disturbed by the interaction with any of the solvents investigated here. According to the polarizability of the solvents tested, ranging from α = 4.44 to 12.4, it could be observed that solvents with the lowest values (acetonitrile: 4.44 and nitromethane: 4.97) showed the highest shifting of the Raman bands when compared to the solid bixin sample, i.e., from 1533 in solution to 1520 cm −1 in solid state ( Table 1 , Figures S1 and S2, SI section) . Differences in the electronic transitions of the bixin in both solvents were also observed, showing a hypsochromic shifting in relation to the other solvents ( Figure 2 ). As the solvents' polarizabilities increase, smaller differences in the Raman shifts are observed ( Figures S3 to S7, SI section) , indicating that the solvation of the solute molecules becomes more effective.
In order to better understand the influence of the solvent molecules on the dissolved cis-bixin, the Raman spectra were calculated considering two explicit solvent molecules in addition to the implicit model IEFPCM. For that DMSO and CHCl 3 were used. Both are aprotic polar solvents which efficiently solubilize cis-bixin; 30 CHCl 3 is the most efficient solvent for the quantitative extraction of bixin, 29 whereas DMSO is commonly used to solubilize compounds in biological assays. [58] [59] [60] The analyses were performed with an increasing number of solvent molecules in which each one has been inserted in different orientations as shown in Figures 6A and 6B .
The presence of explicit molecules does not affect the overall profile of the cis-bixin spectra with CHCl 3 molecules. The three bands at 1568, 1525 and 1500 cm −1 have been assigned to the C=C stretching mode, however, the most intense at 1525 cm −1 has a strong contribution of C−H bending (rocking). Experimental data showed a strong band at 1527 cm −1 which matches with the calculated Raman spectrum; however, comparison of the results from both experiments (calculated and experimental) showed an upshifting of ca. 7 cm −1 in relation to the solid sample at 1520 cm −1 (Figure S5 , SI section). cis-Bixin surrounded by four molecules of CHCl 3 (Cl-4e) showed Raman bands shifting in the range of 4 to 2 cm −1 when compared with cis-bixin in the presence of one and two solvent molecules (Cl-1a,1b to Cl-2c,2d, Figure 6 ). In contrast, the inclusion of DMSO molecules promoted a significant Raman band shift and also caused a band splitting at low wavenumbers, as can be seen in Figure 6B . The major differences were observed with Dm-1a and Dm-1b, containing one solvent molecule each. When the solvent is inserted close to the ester group at C-20 (Dm-1a), the intensity of the vibrational modes d(C−H) corresponding to C-14, C-15 and C-16 at 1198 cm −1 is enhanced. However, in the Dm-1b case, where the solvent is close to the acid group, bands at 1198 and 1118 cm −1 are absent and bands at 1176, 1165 cm −1 ν(C−C) from C-8 to C-11 are enhanced, all being assigned to the carbon-hydrogen rocking mode of vibration. Comparison of the one molecule solvent experiment (Dm-1a and Dm-1b) with the two and four solvent molecule analogues (Dm-2c, Dm-2d and Dm-4e) also showed differences in band position, mainly the d(CH 3 ) mode, which is shifted from 1446 cm −1 to higher wavenumbers at 1458 cm −1 . Bands around 1565 and 1500 cm −1 , which are attributed to ν(C=C) stretching, were observed at similar wavenumbers in all five experiments ( Figure 6B ). These results clearly demonstrated that cis-bixin is soluble in both solvents by different mechanisms of solvation which does not seem to involve direct interactions between the selected solvents and the C=C stretching modes. This also can be understood in relation to the pi electronic cloud of the backbone structure, since the pi electrons are not disturbed enough to be seen in the Raman spectrum as a shifted vibrational mode. Such a result can be corroborated by the electronic spectra shown in Figure 1 , since the electronic transitions observed for cisbixin solutions in CHCl 3 and DMSO are almost the same.
Molecular dynamics
Here, the results obtained from the molecular dynamics simulations (MD) undertaken using increased numbers of solvent molecules can now be reviewed. Due to the planar structure of cis-bixin, taking only one atom as a reference point for computing the radial distribution function (RDF) would provide a misleading result, since any selected atom of the molecule would also involve interaction with many solvent molecules with increasing distances. At this stage, therefore, one can consider five equally distinct points throughout the molecular structure and evaluate the RDF at each point. Then, from each one of these points, the distance between them and the solvation shell can be measured by extrapolating the approximation to only one distributed shell. Figure 7a shows the carbon atoms which were selected to perform this RDF analysis. The selected carbon atoms were: C1, C5, C9, C13, C17, and includes the carbon atom from the methyl ester group (Figure 7) . The molecule has been numbered according to IUPAC nomenclature: (2E,4E distances around each carbon atom. It has been demonstrated that particular environments around each carbon may cause a difference in solvation. The data obtained from cis-bixin in DMSO have shown that the most exposed carbon atoms (methyl ester and C1) are less surrounded by solvent molecules with 8 and 11 molecules per carbon, respectively, since they are spatially available for the solvent to interact. On the other hand, the remaining carbon atoms have only two available sites for interaction, considering each face of the planar conformation of cis-bixin, so it is necessary for even more molecules to build the solvent shell ( Table 2) . This behavior is different for cis-bixin in chloroform and the solvation number remains almost constant per carbon atom, with an average of solvent:cis-bixin molecules being 10:1. However, an anomalous behavior is seen for the number of chloroform molecules found to solvate C5 of cis-bixin. Methyl groups attached to carbons C4 and C8 may not cause a steric hindrance on the solvation shell of C5 surrounded by 6 solvent molecules, while the C9 experiences an environment where methyl group at C8 and C13 are on opposite sides, where the solvation shell shows the presence of 9 molecules (Table 3 ). These results demonstrate a different correlation between the geometry of part of the cis-bixin backbone with DMSO and CHCl 3 solvent molecules. Despite both solvents have similar polarizability values they possess very different dielectric constants, which could explain the differences observed in solvation around the cis-bixin. According to Rahmalia et al., 30 the extension of the bixin conjugated chain may be responsible for the preponderance of solute-solvent interactions which were more pronounced in DMSO and CHCl 3 . The absorbance at λ max of bixin increased linearly with increasing concentration of aprotic polar solvents mainly in CHCl 3 . However, in our approach, cis-bixin seems to better interact with DMSO rather than CHCl 3 in terms of solvation. In other words, in the DMSO system more solvent molecules are required for the first solvent shell, which better solubilizes the solute.
These calculations have also shown that the cis-bixin molecules tend to adapt to the medium in order to minimize the chemical or physical interactions with the host solvent. From our preliminary energy calculations using the Poisson-Boltzmann method, implemented in Amber, this can also be observed, where it was found that an average solvation energy of −20.5 ± 0.6 and −13.4 ± 0.5 kcal mol −1 , for DMSO and CHCl 3 , respectively, were calculated.
It is important to point out that the change in wavenumber position of the C=C bond vibration observed in the solid state compared with the sample in solution is not particular to bixin; a series of different polyenic systems, such as other carotenes 26 as well conjugated polyenals have shown a similar behavior. 61 In this work, it has been shown that experimental observations and computational results combined can give a better explanation of the solvent/ cis-bixin interaction in solution. Several different solvents, with a range of dielectric constants, varying from polar to non-polar, have been used to show that this interaction affects the solute molecule, which may confer upon each cis-bixin/solvent system a particular reactivity.
Conclusions
Raman spectroscopy is a very powerful tool to characterize carotenoids and conjugated polyenes since the vibrational bands, mainly the C=C stretching mode at ca. 1500-1540 cm −1 , are generally sensitive to molecular interactions. In this work, vibrational analyses of experimental and calculated Raman spectra were used to investigate how selected solvents act as different chemical environments which can be experienced by the nor-carotenoid bixin. The solute-solvent interaction was evaluated by the analysis of the Raman shifts of bixin in seven solvents with different dielectric constants and polarizability values. The Raman spectra of solvated bixin showed significant bathochromic shifts in the wavenumber position of ν(C=C) when compared with the solid state. However, among the solutions subtle differences were observed, the most significant of these was the bixin/ acetonitrile system, which contains the solvent with the second highest dielectric constant (ε 35.68) and the lowest polarizability value (α 4.44). As the polarizability of the solvents increased smaller differences in these Raman shifts were observed and no linear correlation was observed among solvents with different dielectric constant. Our results demonstrated that the polarizability of the solvent seems to be a more appropriate parameter to explain the differences in Raman shifts which could be correlated with the solvation degree of bixin. CHCl 3 and DMSO are the solvents that best solubilize carotenoids and the theoretical Raman spectra of cis-bixin, which considered explicit solvent molecules in addition to the implicit model, showed that the number and the position of the CHCl 3 molecules around the solute does not cause significant vibrational perturbation. However, in the DMSO experiment considerable changes in spectral profile could be observed when the solvent molecules are positioned close to the carbon-carbon backbone or close to the two end groups comprising the carboxylic acid (C-1) and ester (C-20) moieties. The solvent interaction with the polar portion of the solute is more efficient with DMSO than CHCl 3 . The radial distribution function (RDF) demonstrated that particular environments around each carbon of cisbixin may cause difference in solvation by DMSO and CHCl 3 . These particular differences observed do not seem to influence the Raman spectral features of cis-bixin in both solvents, since the solvation process involves large numbers of solvent molecules around the solute and the most intense vibrational modes overcome the minor ones. The Raman spectroscopic comparison between solid bixin with the solvated species showed that the perturbation of the π electrons from the extended conjugation makes the C=C stretching band a definitive marker for measuring the influence of chemical environment upon dissolved conjugated polyenes.
Supplementary Information
Supplementary data contain the experimental Raman spectra for cis-bixin, pure solvent and the solution of cis-bixin into the respective solvent (Figures S1 to S7), the heating step process from 9 to 309 K (not reached, Figure S8 ), and the potential energy (E pot ), kinetic energy (EK tot ) and total energy (E tot ) of the heating system ( Figure S10 ). Also, Table S1 provides the xyz spatial coordinates of the cis-bixin optimized structure (in DMSO-PCM). These data are available free of charge at http://jbcs.sbq.org.br as PDF file.
